Left ventricular hypertrophy is known to alter passive pressure-volume characteristics and reduce compliance.' These changes ultimately should affect left ventricular diastolic filling, but few studies have specifically examined this issue during the development of left ventricular hypertrophy. In this regard, Doppler echocardiography has provided a relatively simple method to examine alterations in left ventricular filling dynamics that may occur in the course of developing hypertrophy.
With the use of Doppler echocardiography, a number of studies have examined left ventricular filling characteristics in patients with hypertension, with and without concomitant left ventricular hypertrophy,2-6 and abnormalities in diastolic left ventricular filling have been observed in the absence of systolic dysfunction. However, the time course of left ventricular filling abnormalities in hypertrophic disease remains uncertain. Several investigators 2, 4 have argued that changes in left ventricular diastolic filling occur early in the hypertrophic process, since patients with mild hypertension but without left ventricular hypertrophy have abnormalities of diastolic filling. Moreover, others7v 8 have suggested that these diastolic filling abnormalities are relatively fixed since often they fail to normalize despite regression of hypertrophy in patients during antihypertensive therapy. However, these studies examining diastolic filling are fundamentally limited, since loading conditions are also altered in the hypertensive hypertrophic patient. Since these loading alterations may affect left ventricular filling independent of the hypertrophic process,g the effect of left ventricular hypertrophy without concomitant loading has not been thoroughly examined. Co., Medical Products Group, Andover, Mass.) connected to an 8805D signal conditioner, stored on magnetic tape, and later analyzed by a signal analysis data acquisition system sampling the arterial pulse wave form at 250 samples per second (Po-Ne-Nah, Inc., Storrs, Conn.). The acquisition system archived systolic pressure, diastolic pressure, mean pressure, and heart rate averages for every minute. These l-minute values were then averaged every 10 minutes to obtain an average period value.
The animals were then trained for 3 weeks to rest in a sling and for another week to adjust to the compression suit (Jobst Institute, Toledo, Ohio). The suit encompassed the hind limb and the gluteal region, but spared the abdomen. The eight trained animals were then brought to the laboratory every day to undergo 30 mm Hg suit compression for a 3-hour schedule in the morning and another 3 hours in the afternoon.
The daily 6-hour compression schedules were maintained over 9 weeks. The average increase of the mean arterial pressure during these compression episodes was 21 mm Hg for the first 3 weeks, 23 mm Hg for the second 3-week period, and 21 mm Hg for the last 3-week interval. were recorded for at least five cardiac cycles at a paper speed of 50 or 100 mm/set for further analysis.
Two-dimensional echocardiographic analysis was performed with the use of a Diasonics microcomputer-based digitizing system (Diasonics Inc., Milpitas, Calif.) that has been previously validated in our laboratory.'l End-diastolic frames were selected for analysis with the use of the R wave in lead 2 as a marker of end diastole. Endocardial and epicardial borders of the cross-sectional view at the midpapillary and mitral valve levels were carefully traced directly from the video display onto a digitizing tablet for three consecutive beats during normal sinus rhythm. Left ventricular length was determined by a measurement of the length from apex to the mitral valve using a long-axis view. Volumes were determined by Simpson's rule and mass was calculated by subtracting epicardial volumes from endocardial volumes and multiplying the result by the specific gravity of myocardial muscle.12 The accuracy of our echocardiographic measurement of left ventricular mass was previously reported in this animal model by anatomic validation. lO In that study, postmortem left ventricular weight correlated extremely well with echocardiographic mass obtained just before putting the animals to death (r = 0.93, y = 21.2 + 1.2x). The average wall thickness was obtained as the mean end-diastolic wall thickness over 22.5degree radial intervals in the midpapillary short-axis view. The relative wall thickness was calculated as: average wall thickness/left ventricular end-diastolic dimension. An index of end-systolic meridional wall stress was calculated by the formula: (0.334 P X LVID/PWT [l+PWT/LVID]), where P = systolic blood pressure, PWT = posterior wall thickness, and LVID = left ventricular internal diameter.'" The blood pressures used were resting blood pressures obtained prior to compression via the chronically instruEchocardiographic and Doppler studies.
Two-dimenmented subcutaneous port connected to the infrarenal ab-LV diastolic filling during developing L VH 176 1 TIME (weeks) Fig. 1 . The velocity-time integrals for the early diastolic filling period (VT1 E) and the atria1 diastolic filling period (VTI A) at baseline, at 3 weeks, and at 9 weeks. dominal aorta. A blood pressure measurement was made by inserting a needle into the port using sterile techniques.
All Doppler measurements were made using a computer interfaced digitizing tablet and Doppler analysis program (Freeland Medical Systems, Indianapolis, Ind.). The average of at least three consecutive cardiac cycles was taken and Doppler waveforms were traced through the modal velocities. The peak early diastolic velocity (peak E) and peak velocity during atria1 contraction (peak A) were measured. The velocity-time integral for the early diastolic filling period (VT1 E) and the atria1 diastolic filling period (VT1 A) were derived by digitizing the contour of the darkest portion of the curve (Fig. 1) . Also, the ratio of the early to late peak filling (peak E/A) and velocity-time integrals (VT1 E/A) were derived. When atria1 contraction occurred before the mitral deceleration slope had decreased to the zero baseline, the slope was linearly extrapolated to the baseline for measurement of the velocity time integral. In addition, the following Doppler parameters were calculated: the total velocity-time integral (VT1 total); the ratio of VT1 A to VT1 total (which represents the relative contribution of atria1 contraction to total filling); and the ratio of VT1 E to VT1 total (which represents the contribution of early filling to total filling). The following parameters of diastolic function were also calculated by means of the mitral inflow Doppler velocities: (1) Peak filling rate (in milliliters per second) was determined as the product of the peak early diastolic velocity and the crosssectional area of the mitral anulus. (2) Normalized peak filling rate (measured in see-l) was determined as peak filling rate divided by the left ventricular end-diastolic volume. (3) Atria1 filling rate was determined as the product of the peak atria1 velocity and the cross-sectional area of the mitral anulus.
The beat-to-beat variation coefficients for selected Doppler diastolic measurements have been reported previously from our institutioni4:
total velocity-time integral, 2.4 % ; late diastolic velocity-time integral, 3.8% ; and peak late velocity, 4.2%. Also, the interobserver variability for selected Doppler measurements has been reported: total velocity-time integral, 2.8 % ; late diastolic velocity-time integral, 3.8% ; peak late diastolic velocity, 2.1% . Statistical analysis. All data are reported as mean ? standard error. One-way analysis of variance was used to examine changes over time applying Bonferroni's correction to determine significant differences for repeated measures. Linear regression was used to determine correlations between left ventricular structural indexes and Doppler filling parameters.
The probability (p) was considered to be statistically significant when p was less than 0.05.
RESULTS
There were no changes in baseline heart rate or systolic and diastolic blood pressure at 3 weeks or 9 weeks of study ( Table I) . The left ventricular structural and functional indexes are summarized in Table II. By 3 weeks, left ventricular mass had increased by 17 % (p < 0.03) and by 9 weeks it had increased by 23% (p < 0.001). The average wall thickness increased by 1 mm at 3 weeks (p < 0.05) and by 1.5 mm creased slightly but did not change significantly throughout the 9 weeks of study. Furthermore, the There were also similar changes in velocity-time integrals, as outlined in Table IV and Fig. 1 . The total diastolic velocity-time integral decreased significantly at 3 weeks, from 9.4 * 0.7 cm to 8.1 ~fi 0.4 cm, but did not reach statistical significance. By 9 weeks, total diastolic velocity-time integral decreased to 7.4 f 0.7 cm (p < 0.03). The E wave velocity-time integral decreased markedly from 7.1 * 0.4 cm to at 9 weeks (p < 0.05). There was a trend toward an increase in relative left ventricular wall thickness, but this increase did not quite reach statistical significance (p = 0.07). Both left ventricular end-diastolic and end-systolic volumes did not change over the study interval. The left ventricular ejection fraction was 70 f 2 % at baseline and did not change over the 9 weeks of study. Peak systolic wall stress was 186 +-13 dynes/cm3 at baseline and tended to decrease over the 9 weeks, but this decrease did not reach statistical significance.
The peak mitral flow velocities are summarized in Table III . The peak E velocity decreased significantly contribution of early to total left ventricular filling did not change throughout the study. However, as a result of the decrease in early filling velocities, the contribution of atria1 filling to total left ventricular diastolic filling increased significantly by 9 weeks of study (p < 0.02), and the velocity-time integral E/A ratio decreased by 9 weeks (p < 0.003).
tween filling velocities and left ventricular structural changes, linear regression analyses were made between Doppler variables and left ventricular wall thickness. Significant correlations were found beThe changes in left ventricular filling rates are summarized in Table V . Peak filling rate decreased 28% (p < 0.05) at 3 weeks and decreased further at 9 weeks (p < 0.01). Similarly, normalized filling rate and atria1 filling rate significantly decreased at 3 weeks and remained depressed at 9 weeks.
In an effort to determine potential correlations be-9 weeks to 32 + 2 cm/set (p < 0.05). A a result of the from 65 rt 5 cm/set at baseline to 53 + 4 cmhec at 3 significant decrease in peak E velocity, the peak E/A weeks (p < 0.02). There was no further change in ratio decreased significantly, from 1.70 f 0.10 at baseline to 1.60 f 0.09 at 3 weeks (p < O.Ol), and depeak E velocity at 9 weeks. Peak A velocity was creased further to 1.53 r+ 0.04 (p < 0.05) at 9 weeks. As illustrated in Fig. 2 , the decrease in peak E/A ra-37 * 2 cm/set at baseline and decreased slightly by tio paralleled the increase in left ventricular mass over the 9 weeks of study. tween left ventricular mass and peak E velocity at 3 weeks (F = -0.92,~ < 0.001) (Fig. 3) . This correlation was not apparent at 9 weeks of study. Peak E/A velocity correlated with left ventricular mass at 3 weeks (T = -0.57, p < 0.05) but not at 9 weeks. There was also a significant correlation between left ventricular average wall thickness and peak E velocity at 3 weeks (F = -0.87, p < 0.01) (Fig. 4) but not at 9 weeks 2. A, The ratio of the early to late peak filling (PEAK E/A) and left ventricular mass (LV MASS at baseline, at 3 weeks, and at 9 weeks. B, The percent change in peak E/A and left ventricular mass (LV MASS) over the g-week study. Note that the decrease in peak E/A parallels the increase in left ventricular mass.
(F = -0.66, p = 0.08). However, there was no significant correlation between left ventricular mass and peak A or peak E/A at 3 or 9 weeks of study. Total VT1 (cm) 9.4 LtI 0. Total VTI. Total velocity-time integral; VT1 E, velocity-time integral for early diastolic filling period; VT1 A, velocity-time integral for atria1 diastolic filling period; VT1 E/TOT, contribution of early filling to total filling; VT1 A/TOT, relative contribution of atria1 contraction to total filling; VT1 E/A. ratio of early to late peak filling velocity-time integrals. *p < 0.06 versus baseline. tp < 0.01 versus baseline. tp < 0.005 versus baseline. the opportunity to investigate changes in left ventricular filling, measured by Doppler echocardiography during the course of left ventricular hypertrophy development, without the confounding effect of sustained hypertension.
We observed changes in left ventricular filling with left ventricular hypertrophy evidenced by a decrease in peak early diastolic filling, a reduction in the early diastolic velocity-time integral, and a decreased rate of early diastolic deceleration. Similar changes have been noted in hy-
Baseline
Week 3 Week 9
Peak filling rate 195 + 15 163 li-5* 1%51 i 9t (ml/set) Normalized filling 4.7 * 03 3.8 * 1.3 3.3 Ik 0.5* rate (set-') Atria1 filling rate 221 I 2 181 -i 4 166 It 6 (ml/set) *p < 0.05 versus baseline.
.ip < 0.01 versus baseline.
pertensive patients with and without left ventricular hypertrophy. z-6 Importantly, we noted that these abnormalities of diastolic left ventricular filling occurred early (by 3 weeks) in the course of left ventricular hypertrophy when left ventricular mass had increased by only 17 5%. These filling changes cannot be explained by changes in heart rate or loading conditions, which did not alter over this period of time. There were no further significant changes in left ventricular diastolic filling during the subsequent 6 weeks of left ventricular hypertrophy progession, during which left ventricular mass increased by an additional 6 % . It is also interesting to note that these changes in filling correlated with increases in left ventricular mass during the initial 3 weeks but that 4. The correlation between the peak early diastolic velocity (PEAK E) and the left ventricular average (AVh') wall thickness at 3 weeks. these correlations were not apparent by 9 weeks. These data indicate that diastolic left ventricular filling abnormalities are an early manifestation of left ventricular hypertrophy and occur at a time point prior to the development of marked hypertrophy. This may help to explain the clinical observation that diastolic filling abnormalities occur in hypertensive patients who have little or no detected left ventricular hypertrophy.2, 3, 7, lg A number of clinical studies in hypertensive patients using Doppler echocardiography2-7 or radionuclide angiographic techniques1g-21 have documented abnormalities of left ventricular filling before alterations in systolic left ventricular performance. However, there are few data related to changes in left ventricular filling with changes in left ventricular mass. There is only one other report that has specifically examined left ventricular diastolic filling during progressive left ventricular hypertrophy. In that recent study, Douglas et a1.17 used a canine model of perinephritic hypertension that produced a 28% increase in left ventricular mass, similar to the degree of hypertrophy that we observed. They examined diastolic left ventricular inflow and wall thinning variables before and 2, 4, 8, and 12 weeks after the creation of hypertension. In accord with our results, they noted diastolic filling abnormalities as early as 2 weeks following hypertension, with impairment of the peak rate of wall thinning. By 4 weeks, they observed a decrease in peak E/A and an increased dependence on atria1 systolic filling. However, there were no significant changes noted in peak E, peak A, or atria1 filling fraction. In addition, they found weak but significant correlations between left ventricular mass and late velocity flow and atria1 filling fraction.
Although our results generally agree with and confirm those of Douglas et a1.,17 there are specific differences between our studies that deserve comment. Unlike Douglas et a1.,r7 we noted a decrease in peak early diastolic filling and a reduction in the early diastolic velocity-time integral during the development of hypertrophy.
Moreover, we found correlations between left ventricular hypertrophy and diastolic filling at 3 weeks but not at 9 weeks. These apparent differences between our results and those of Douglas et a1.17 may largely by explained by the differences of the hypertrophy models used. The perinephritic model of Douglas et a1.17 resulted in a sustained increase in systolic blood pressure, whereas our neurogenic model had normal systolic blood pressure during the Doppler studies. Since loading conditions may influence left ventricular filling patterns independent of other factors,g, 22-24 this specific difference in the hypertrophic models may explain the minor differences in diastolic filling observed in the two studies.
In a clinical study, Szlachcic et a1.7 examined hypertensive patients treated with diltiazem and found no change in left ventricular filling abnormality despite a 10% regression of left ventricular mass. This finding agrees with the findings of other similar studies.3, 7, 8 In view of our data, which demonstrate that left ventricular filling remains abnormal despite minimal hypertrophy, it is possible that further regression of hypertrophy is necessary to demonstrate normalization of left ventricular filling.
There are a number of mechanisms that may alter left ventricular filling in left ventricular hypertrophy.' These include increased chamber stiffness and alterations of left ventricular relaxation. Detailed analysis of stress-strain relations has suggested that reduced chamber compliance is related to ventricular mass and in part to increased collagen content.2"-27 Although we did not specifically measure chamber stiffness or compliance directly, the echocardiographically determined left ventricular radius-to-thickness ratio, an important determinant of left ventricular compliance,25T 28 tended to increase, suggesting a decrease in left ventricular compliance. In addition, the significant relationship that was found between alterations in left ventricular filling and increases in left ventricular mass further supports the fact that increased chamber stiffness is an important mechanism in alterations in diastolic function in left ventricular hypertrophy. Several other investigators 2g-31 have also observed a significant relationship between left ventricular filling and left ventricular mass in hypertensive patients, further supporting this hypothesis. In addition to alterations in left ventricular mass, experimental studies have demonstrated that the sarcoplasmic reticulum's uptake of calcium may be reduced in myocardial hypertrophy, with a significant prolongation of the time course of the intracellular calcium transient. This may contribute to abnormalities of left ventricular filling.32, 33 Finally, left ventricular relaxation may also be altered on the basis of load-dependent effects, decreased myocardial wall stress, and changes in contractile state. Since we did not demonstrate changes in loading conditions as reflected by left ventricular end-diastolic volume, blood pressure, wall stress, or systolic performance, it is unlikely that these loading factors contributed significantly to the alterations in left ventricular filling that we observed. In this regard, our neurogenic model of left ventricular hypertrophy has advantages over other models that induce sustained hypertension, since it is well appreciated that alterations in loading conditions alone will contribute to changes in diastolic filling.g, [22] [23] [24] Changes in sympathetic drive to the heart may also alter left ventricular filling, and this factor may be an important one in our neurogenic model of left ventricular hypertrophy.
Sonnenblick et a1.s4 have previously demonstrated that increased sympathetic drive enhances left ventricular relaxation. Since June 1991
American Heart Journal there exists a close relationship between the rate of rapid filling and relaxation, an enhancement of the rate of rapid filling would be expected when sympathetic drive is accelerated. However, despite evidence of increased sympathetic drive in our neurogenic model of left ventricular hypertrophy, as demonstrated by increases in norepinephrine levels,1° the rate of left ventricular filling was decreased as hypertrophy developed, demonstrating a complex interaction of these variables. This interpretation further agrees with the clinical observations of Fouad et al 35 who found that hypertensive patients with assoiiated hyperkinetic circulation had a normal left ventricular filling rate, as opposed to those with essential hypertension, who did not. Moreover, flblockade in hypertensive patients resulted in an additional reduction in the rate of left ventricular filling when blood pressure was unchanged,36 further suggesting that sympathetic drive may modulate left ventricular diastolic function.
In conclusion, our echo-Doppler findings in a canine model of progressive left ventricular hypertrophy support the findings in the existing clinical literature, which indicate that an abnormality of left ventricular diastolic filling occurs commonly in left ventricular hypertrophy.
Moreover, these left ventricular filling abnormalities are evident early in the course of the development of left ventricular hypertrophy. Although there are several contributing mechanisms, our data indicate that increases of myocardial mass correlate with left ventricular diastolic filling changes, suggesting that increasing chamber stiffness with left ventricular hypertrophy is an important mechanism.
